The mitogen-activated protein kinases (MAPKs) are signaling molecules that become enzymatically activated through phosphorylation by diverse stimuli. Hematopoietic cytokines, growth factors, and stimulated lymphocyte antigen receptors may activate specific MAPKs by altering the balance of MAPK-activating protein kinases and the protein phosphatases that target their activation sites. Hematopoietic protein tyrosine phosphatase (HePTP) is a hematopoiesis-specific cytoplasmic protein tyrosine phosphatase whose expression is induced by mitogenic stimuli. To investigate the role of HePTP in hematopoietic development, we constructed mice deficient in this phosphatase using the technique of homologous recombination. Primary lymphocytes from HePTP ؊/؊ mice show enhanced activation of extracellular stimulus-regulated kinase (ERK) after both phorbol myristate acetate (PMA) and anti-CD3-mediated T-cell receptor (TCR) stimulation, suggesting a true physiological relationship between these two molecules. Activation of MEK, the physiological activator of ERK, by anti-CD3 or PMA is not affected by HePTP deletion. The distribution of hematopoietic lineages in bone marrow and peripheral blood samples and the in vitro proliferative capacity of bone marrow progenitors from HePTP deletion mice do not deviate from those of matched littermate controls. Similarly, lymphocyte activation and development are indistinguishable in HePTP ؊/؊ mice and controls. We conclude that HePTP is a physiological regulator of ERK on the basis of these studies and hypothesize that its deletion is well compensated for in the developing mouse through reduction of ERK targets or enhancement of physiologically opposed signaling pathways.
Extracellular stimuli modify cells by altering traffic through intracellular networks of protein kinases and related molecules. The mitogen-activated protein kinase (MAPK) family plays a central role in signaling pathways stimulated by extracellular stimuli such as growth factors, cytokines, and physical stress and is conserved over a huge evolutionary distance (8) . In higher organisms, this broad kinase family includes the extracellular stimulus-regulated kinases (ERKs) and two stress-stimulated kinase groups, the stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK) and the p38 HOG kinases (2, 11, 19, 33) .
In response to specific stimulation, the MAPKs are activated by phosphorylation on conserved threonine and tyrosine amino acids which are found within an activation motif (27, 28, 31) . This critical regulation site is located in a loop linking kinase domains VII and VIII and varies in length between individual MAPKs (13, 16) . Both the length of this loop and the identity of adjacent amino acids determine the specificity of MAPK kinases, which are the principal determinants of MAPK activity (16, 43) .
While extracellular stimuli may induce activating phosphorylation of MAPKs by activating MAPK kinases, the MAPKspecific dual specificity protein phosphatases are potential negative regulators of mitogenic cascades by targeting these same sites (24, 25, 35) . These nuclear MAPK phosphatases are typified by MAPK phosphatase 1 (MKP-1), which targets both phosphothreonine and phosphotyrosine on most activated MAPKs. Its overexpression can counter the transforming action of Ras activation in fibroblasts (35) , presumably by dephosphorylating activated ERK, antagonizing the activity of MAPK kinases directly. The dual-specificity phosphatases MKP-3 and MKP-4 also inactivate the ERKs, while the phosphatase M3/6 may have specificity for the SAPK/JNK family (24, 25) . Similarly, the neuronal ERK tyrosine-specific phosphatases phosphoprotein phosphatase (PTP-SL) and striatumenriched phosphatase-SL (STEP) associate with ERK through a specific docking site, termed the kinase interaction motif (KIM), resulting in specific ERK inactivation through tyrosine dephosphorylation (29) .
Important signaling events may reflect the balance between MAPK kinases and MAPK phosphatases. MAPK phosphatases may be controlled as part of a coordinated cellular response to extracellular signals. For example, stress stimuli, acting through the JNK (SAPK) family of MAPKs, induce the expression of MKP-1, which targets sites of activating phosphorylation on ERK (4) . Such cross-regulation may act to prevent the activation of physiologically conflicting pathways after multiple stimuli. Alternatively, MAPK phosphatases may be activated in parallel to their targets, causing the activation of these powerful signaling molecules to be self-limited. For instance, the MAPK phosphatase MKP-3 is activated after phosphorylation of ERK-2 by binding of ERK-2 to the noncatalytic amino terminus of MKP-3 (6).
We have described a hematopoiesis-specific protein tyrosine phosphatase (HePTP) that is induced in primary lymphocytes by extracellular stimuli such as the mitogens concanavalin A, phytohemagglutinin, and interleukin-2 (IL-2) and by gene transfer of activated Lck or c-Raf (1, 44) . Overexpression of HePTP reduces T-cell receptor (TCR)-induced activation of ERK2 and blocks TCR-induced transcriptional activation of an interleukin-2 promoter-derived ERK-responsive element (32) . Overexpression of HePTP also reduces ERK activation after phorbol myristate acetate (PMA) or TCR stimulation of cultured Jurkat cells and interferes with PMA-and growth factor-induced MAPK activation in myeloid cells. Consistent with its role as an ERK phosphatase, HePTP contains a KIM, as observed in PTP-SL and STEP (29) . Collectively these data suggest that HePTP may have a unique role in hematopoietic mitogenic signaling cascades, possibly through direct ERK dephosphorylation.
While existing data suggest that HePTP may be an ERK tyrosine phosphatase, studies based on gene transfer-induced overexpression and in vitro enzymatic reactions often do not identify true physiological activities. For example, MEKK1, a mammalian kinase related to the Saccharomyces cerevisiae pheromone signaling kinase Ste11, was initially identified through cell transfection experiments as an activator of the ERK kinase MEK (from which it derives its name) (20) . Subsequent studies demonstrated that MEKK-1 is unlikely to be a physiologic activator of MEK-1, having much higher specificity for SEK-1, the upstream activator of the SAPK/JNK family (42) . To further characterize the role of HePTP in hematopoietic cell signaling, we generated mice deficient in this enzyme using the technique of homologous recombination. We report here that HePTP Ϫ/Ϫ mice are fertile and healthy in appearance, with normal solid organ and bone marrow morphology. Despite increased ERK activation observed after PMA or TCR stimulation of HePTP Ϫ/Ϫ lymphocytes, proliferative response and cytokine secretion are normal. This work demonstrates that HePTP is a physiologically relevant ERK hematopoietic phosphatase, though its absence appears to be well compensated for in genetically deficient mice.
MATERIALS AND METHODS

Generation of mice genetically deficient in HePTP.
A plasmid used to introduce a targeted HePTP mutation by homologous recombination was constructed by inserting the pMC1Neo gene cassette between the PstI site in exon 2 and the BglII site found in the second intron of the HePTP gene. This plasmid was transfected into the E14K embryonic stem (ES) cell line (kindly provided by K. Rajewsky, Cologne, Germany) by electroporation. G418-resistant ES clones were screened by PCR using primers producing products distinguishing wild-type and mutant forms. Two cell lines with proper homologous recombination were obtained and verified by Southern hybridization analysis. Each cell line was injected into blastocysts of C57BL/6 mice (Jackson Laboratory), producing chimeras. These chimeric mice, derived from two different ES clones, were mated with C57BL/6 mice. Tail DNA from offspring with agouti coat color was analyzed by PCR or Southern hybridization to confirm the germ line integration of the mutated HePTP gene. Heterozygous mice were mated to generate ϩ/ϩ and Ϫ/Ϫ littermates to be used for experimentation. Mice were mated and maintained in the animal facility of the Ontario Cancer Institute. Animals were housed in a semibarrier set which includes sterile static microisolators, acidified (pH 2.8) drinking water by bottle, and sterile standard laboratory rodent chow. Animal cages were serviced in HEPA-filtered room air.
Products of HePTP matings were characterized at the HePTP locus by PCR. Mice were weaned and ear-marked at day 21. At week 4, 2 mm of tail was cut using a surgical blade, and mice were bled using a heparinized capillary tube (Microvette CB 300; Sarsted). Total DNA was extracted from blood (40 l) and the tail tip using a DNeasy tissue kit (Qiagen). Extracted DNA (0.1 g) was used as a template in 50 l of a final reaction mixture which contained deoxynucleoside triphosphates (100 M each) (Gibco-BRL), HePTP E2-S2 primer (CAAG AAGCATGTGCGCCTGC) (10 M), HePTP E3-AS primer (TGCTGTAGCG ACCAGCGTGT) (10 M), MgCl 2 (1.5 mM) (Gibco-BRL), and Taq polymerase enzyme (0.25-l stock) (Gibco-BRL). HePTP Ϫ/Ϫ mice were identified by a 1.8-kb amplification product, since amplification of template genomic DNA from HePTP ϩ/ϩ mice produces a 0.7-kb band. Lymphocyte proliferation assays. Spleen, thymus, and lymph nodes were surgically removed and meshed to obtain a single-cell suspension. Cells were washed, counted, and cultured in Iscove modified Dulbecco's medium (IMDM) containing fetal calf serum (FCS) (10%). Spleen cells (10 5 /100 l) were placed in 96-well plates in the presence of anti-CD3⌭ with anti-CD28 (both from PharMingen) (12) . Proliferation studies were performed using [ 3 H]dT (1 Ci/well) (NEN) added for 16 h after 24 and 48 h of stimulation. Cells were harvested (Packard Filtermate cell harvester), and the incorporated thymidine was measured on a Top Count NXT (Packard). Cells harvested at different intervals were stained with biotinylated anti-CD69 and anti-CD25 and analyzed using a FACScan (Becton Dickinson).
Hematopoietic colony assay. Marrow cells were flushed from the femora of 8-to 12-week-old HePTP ϩ/ϩ and HePTP Ϫ/Ϫ littermate mice. Cells were resuspended in IMDM, counted, and plated at various concentrations in methylcellulose (1 ml) containing erythropoietin (1 U) (EPO; Kirin Brewery), fetal bovine serum (4%; ICN/Flow), bovine serum albumin (0.5%; Sigma), human transferrin (0.1 mg/ml; Boehringer), recombinant human IL-11 (rhIL-11) (0.01 g; Genetics Institute), rhIL-1␣ (0.001 g; Biogen), cystine (0.02 mg; Sigma), insulin (0.01 mg; Sigma), lipids mix (1.6 l; Sigma), IL-3-containing conditioned medium (15 U), CHO cell line-conditioned medium containing the c-kit ligand (3%), and 5637 cell line-conditioned medium (10%) (39) . Cultures were incubated for 3 to 10 days at 37°C in a humidified atmosphere containing CO 2 (5%). Myeloid, erythroid, and megakaryocytic colonies were identified morphologically using MayGrunwald-Giemsa staining.
Immunostaining and flow cytometry. Single-cell suspensions (10 6 cells) from thymus, spleen, or axillary/cervical lymph nodes were resuspended in phosphatebuffered saline (PBS) and incubated for 30 min on ice with phycoerythrin (PE), fluorescein isothiocyanate (FITC), or biotin-conjugated anti-CD4, anti-CD8, anti-TCR␣␤, anti-CD3, anti-CD25/IL-2R␣, anti-CD28, anti-CD69, anti-CD5, anti-immunoglobulin M (IgM), anti-CD11B, anti-CD45, or anti-B220. Biotinylated antibodies were visualized using streptavidin-RED670 (Life Sciences). Samples were analyzed using a FACScan (Becton Dickinson).
Detection of MAPK and MEK phosphorylation in primary mouse lymphoid tissues. Splenocytes, thymocytes, or lymph node cells were washed and incubated in IMDM containing FCS (0.5%) with either anti-CD3⌭ antibody (10 g/ml) (PharMingen) or PMA (10 nM) (Sigma) to induce ERK pathway activation. Sorbitol (400 mM) was used to induce p38 HOG and SAPK activation. Cells (2 ϫ 10 7 ) were placed in lysis buffer (200 l) consisting of Nonidet P-40 (0.1%), Tris (pH 7.5) (50 mM), NaCl (150 mM), sodium orthovanadate (5 mM), dibasic sodium pyrophosphate (50 mM), and the protease inhibitors leupeptin (1 g/ml), aprotinin (1 g/ml), and phenylmethylsulfonyl fluoride (1 mM) (all from Sigma). Protein concentration was measured in each lysate using Bio-Rad reagent. Equal amounts of proteins were analyzed by polyacrylamide gel electrophoresis (PAGE) followed by Western analysis using antibodies specific for the enzymatically activated phospho-specific forms of SAPK, p38 HOG , MEK, and ERK1 and -2 (all from New England Biolabs). Western blots to detect total MAPK and MEK were performed to ensure equal loading in each lane.
Capture ELISA. Lymph node cells from HePTP ϩ/ϩ and HePTP Ϫ/Ϫ mice were cultured in IMDM containing FCS (10%) in the presence of anti-CD3⌭ (1 g/ml) plus anti-CD28 (1 g/ml) (both from PharMingen). After 24 and 48 h of stimulation, supernatants (100 l/well) were collected and kept at Ϫ70°C for subsequent IL-2 determination. IL-2 levels were measured with the mouse IL-2 Duo Set enzyme-linked immunosorbent assay (ELISA) development system (R&D) using a Bio-Rad plate reader.
Th1 and Th2 differentiation. Spleen cells from HePTP ϩ/ϩ and HePTP Ϫ/Ϫ mice were passed through a stainless steel screen to make single-cell suspensions. The cells were washed in ␣ minimal essential medium (␣MEM) (Gibco) supplemented with glutamine (2 mM), sodium pyruvate (1 mM), HEPES (pH 7.3) (15 mM), mercaptoethanol (50 M), and FCS (10%). Splenocytes (4 ϫ 10 6 cells) were cultured for 48 h in 24-well flat-bottomed plates as described (15) , and T cells were activated by incubation with a 1:40 dilution of anti-CD3⌭ monoclonal antibody culture supernatant. Cultures were harvested, and activated T cells were recovered by centrifugation with Lympholyte and reactivated by incubation for an additional 16 h in 96-well plates coated with anti-CD3⌭ antibody. During the last 3 h of incubation, cells were exposed to brefeldin A (10 g/ml; Sigma).
Cells were subsequently washed in PBS, fixed with paraformaldehyde (4%), and permeabilized with saponin (0.1%). T-cell subsets were identified by flow cytometry using appropriate concentrations of monoclonal antibodies directed against CD4, CD8, IL-4, IL-10, tumor necrosis factor alpha (TNF-␣), and gamma interferon (IFN-␥) as described (14) .
RESULTS
Generation of HePTP deletion mice.
To further characterize the physiological role of HePTP, we generated deletion mice through the process of homologous recombination. Exon 2 of the HePTP gene was disrupted in E14K embryonic stem cells using a replacement construct containing the pMC1Neo gene expression cassette (Fig. 1A) (38) . The neo gene was inserted between the PstI site in exon 2 and the BglII site found in the second intron of the HePTP gene. Two recombinant ES cell clones were identified by PCR and confirmed on Southern blotting of DNA (Fig. 1B) . Each clone was injected into blastocysts of C57BL/6 mice, producing chimeras which were mated with C57BL/6 mice. Tail DNA from offspring with agouti coat color were analyzed by PCR or Southern hybridization to confirm the germ line integration of the mutated HePTP gene. Expression of HePTP was tested by Western analysis of protein extracts from mouse tissues. As shown in Fig. 1C , expression was totally absent in HePTP Ϫ/Ϫ mice, which are fertile and appear healthy. The distribution of genotypes ϩ/ϩ, Ϫ/Ϫ, and ϩ/Ϫ followed Mendelian inheritance (data not shown).
ERK stimulation is enhanced in HePTP ؊/؊ primary lymphoid cells. To address the intersection of HePTP and the ERK signaling cascades, we evaluated PMA-induced ERK and MEK activation in mouse lymphocytes lacking HePTP. Isolated spleen cells were incubated ex vivo with PMA at various concentrations. Western blot analysis using antibodies specific for the phosphorylated forms of ERK showed enhanced phosphorylation in HePTP Ϫ/Ϫ cells in comparison to HePTP ϩ/ϩ cells, while no change in MEK activation was observed ( Fig.  2A) . Since HePTP may inhibit TCR-induced ERK activation (32), ERK and MEK activity after antibody-induced TCR stimulation of HePTP Ϫ/Ϫ lymphocytes was also evaluated. Lymphocytes incubated with anti-CD3⌭ for 0 to 60 min were immediately lysed in buffer containing protease and phosphatase inhibitors. Despite equivalent total ERK expression, TCR-stimulated HePTP Ϫ/Ϫ lymphocytes demonstrated enhanced TCR-mediated ERK phosphorylation. MEK expression and activation were unchanged (Fig. 2B) . When splenic lymphocytes were treated with sorbitol to induce p38 HOG and SAPK activation, no difference was noted between HePTP Ϫ/Ϫ and HePTP ϩ/ϩ mice, suggesting that ERK but not the stressinduced kinase cascades are altered in HePTP Ϫ/Ϫ mice ( Fig.  2C and D) . These data suggest that HePTP is a physiologic downmodulator of TCR-stimulated ERK activity and does not seem to have an inhibitory effect on the other MAPKs or on proximal signaling pathways.
Myelopoiesis and lymphopoiesis are normal in HePTP
؊/؊ mice. Since ERK stimulation is an important component of hematopoietic clonal expansion and development, we performed a quantitative analysis of bone marrow cells in HePTP ϩ/ϩ and HePTP Ϫ/Ϫ mice. Bone marrow samples were stained with May-Grunwald-Giemsa stain, and differential cell counts were performed. Figure 3 shows that no significant difference was found in the distribution of cell lineages between wild-type and HePTP-deleted mice.
To study hematopoiesis in vitro, bone marrow progenitor cell development was evaluated by methylcellulose culture. At days 3 and 7, pure erythroid, granulocytic, megakaryocytic, and mixed colonies were identified morphologically and counted. No significant difference was found between HePTP Ϫ/Ϫ and HePTP ϩ/ϩ mice (Fig. 4) . Spleen, thymus, and lymph nodes from HePTP Ϫ/Ϫ and HePTP ϩ/ϩ mice were stained with hematoxylin-eosin (HE) and studied by light microscopy. Fresh single-cell suspensions from these organs were also isolated, and different lymphoid subpopulations were determined by flow cytometry. No difference in organ architecture between HePTP Ϫ/Ϫ and HePTP (Table  1) .
Mitogen-induced expression of activation-induced surface marker and proliferation are not affected by HePTP deletion.
Since HePTP is expressed in differentiated blood cells, we examined proliferation and activation of mature lymphocytes in cells lacking this phosphatase. Expression of the ERK-dependent activation marker CD69 after PMA or anti-CD3 stimulation of splenic lymphocytes was evaluated (36, 37 (Fig. 5) . As an additional marker of T-cell activation, IL-2 production was measured using capture ELISA after TCR and CD28 stimulation of primary lymphocytes. No significant difference was found between HePTP Ϫ/Ϫ and HePTP ϩ/ϩ cells in the level of IL-2 produced (Fig. 6) .
The differentiation of T helper 1 and T helper 2 cells from naive T cells requires the presence of exogenous cytokines during primary antigenic stimulation. While IL-12 promotes differentiation into Th1 cells through a p38
HOG -dependent pathway, IL-4 supports Th2 differentiation by cross talk between the TCR-mediated activation of the RAS/ERK pathway and the IL-4 receptor (IL-4R)-mediated STAT6 pathway (30) . We therefore tested Th2 differentiation in HePTP Ϫ/Ϫ mice. Spleen-derived naive T lymphocytes were stimulated with anti-CD3⌭ antibody. The production of Th2 cells was assessed by intracellular cytokine staining with anti-IL-4 and anti-IL-10 antibodies. Differentiation into Th1 cells was identified by IFN-␣ and IFN-␥ expression using flow cytometry analysis.
Comparison of HePTP
ϩ/ϩ and HePTP Ϫ/Ϫ mouse Th1 subpopulations did not reveal significant differences (data not shown). splenocytes. Cells (2 ϫ 10 7 ) were treated with sorbitol (400 mM) for the indicated times. Lysates were analyzed by Western blotting for total p38
HOG or SAPK and for the phosphorylated activated forms as indicated. Cells from wild-type HePTP and HePTP Ϫ/Ϫ mice show similar activation profiles for p38 HOG and SAPK.
FIG. 3. In vitro development of bone marrow progenitor cells is similar in HePTP
Ϫ/Ϫ mice (open bars) to that in HePTP ϩ/ϩ (solid bars) mice. Bone marrow progenitor cells were harvested from mouse femora and plated in methylcellulose suspension for 10 days in the presence of standard growth factors and cytokines, as described in Materials and Methods. Granulomonocytic (GM), pure mature erythroid (PME), erythromegakaryocytic (EMk), megakaryocytic (Mk), granulomegakaryocytic (MkG), and erythogranulomegakaryocytic (EGMk) colonies were identified morphologically by inverted light microscopy. Colony counts from duplicate experiments are shown with 95% confidence limits.
DISCUSSION
Phosphorylation of signaling protein kinases can stimulate their enzymatic activity, as is observed after MAPK phosphorylation (8), or can be inhibitory, as is seen after phosphorylation of Src family kinases, such as Lck (3). Protein phosphatases are hypothesized to be important counterbalances to the activities of regulatory kinases. Through gene targeting and other techniques, specific physiological roles for some phosphatases are becoming understood. For instance, the tyrosine phosphatase CD45 functions in signaling from the lymphocyte antigen receptors by specifically removing phosphate from a carboxy-terminal inhibitory tyrosine residue from Lck (18, 26) . The very restricted pattern of CD45 expression to hematopoietic cells is consistent with such a central role in cell signaling. For few tyrosine phosphatases has such a discrete molecular activity been defined.
The MAPK phosphatase/PAC1 family of dual-specificity phosphatases target conserved phosphoserine and phosphothreonine residues found within the activation motif of the MAPKs (17, 21-25, 34, 40-47, 49) . MKP-1, the best-characterized member of this growing family, dephosphorylates ERK2, SAPK, and p38 HOG in transient-transfection studies (7) . Its expression is induced in U937 cells by PMA, coincident with the eventual inactivation of ERK and consistent with its presumed role as a MAPK repressor (10) . Overexpression of MKP-1 prevents ERK activation and prevents Ras-induced stimulation of DNA synthesis. Interestingly, mice deficient in this gene, unlike HePTP Ϫ/Ϫ mice, still activate ERK normally, suggesting functional redundancy within this gene family (7, 9, 35) . The physiologic role of MKP-1 and others in this family of nuclear dual specificity phosphatases may be both to reset MAPK signaling pathways and to regulate the relative traffic through each of them. For example, SAPK activation induces MKP-1 expression, inhibiting ERK activation, thereby limiting cell division during times of cell stress (4) .
HePTP is expressed only in the cytoplasm of cells of hematopoietic origin, such as mature erythrocytes, macrophages, neutrophils, and megakaryocytes, and also macrophagic progentor cells. Like MKP-1, its expression is induced by mitogens, although the temporal profiles differ. While MKP-1 expression is maximal 4 h after PMA stimulation of U937 cells, significant expression of HePTP is not observed in primary lymphocytes until 24 h after lipopolysaccharide or concanavalin A stimulation (10, 44) .
To study the physiological role of HePTP in vivo, we generated and evaluated mice in which HePTP was disrupted by homologous recombination. We demonstrated that ERK activation in HePTP Ϫ/Ϫ mice is enhanced in response to TCR VOL. 21, 2001 HePTP INACTIVATES ERK 6855 stimulation and mitogens such as PMA. MEK activation after mitogen stimulation is not HePTP dependent, suggesting that ERK is a physiological target for this phosphatase but proximal signaling elements are unaffected. Since HePTP is expressed widely in mature hematopoietic cells, we examined the development and function of bone marrow, peripheral blood, and lymphoid tissues in HePTP Ϫ/Ϫ mice. We show that HePTP Ϫ/Ϫ mice have normal hematopoiesis, as indicated by bone marrow cultures. Lymphocyte subset numbers and function are normal in HePTP Ϫ/Ϫ mice, as shown by anti-CD3-induced proliferation and IL-2 production.
Marked physiological derangement of HePTP Ϫ/Ϫ mice induced by ERK activation may be attenuated through compensatory biochemical pathways which become induced during development. The consequences of physiologically inappropriate ERK activation may be modified through the downregulation of ERK targets or the induction of counterbalancing signaling pathways in HePTP Ϫ/Ϫ mice. Opposite mechanisms may be operative in mice deficient in p44 ERK1 , which appear normal, having only subtle changes in thymocyte maturation (22) . In these mice, p44
ERK2 activation and other alterations may compensate for the deficiency of this major effector of mitogenic signaling.
While there are many examples of nuclear threonine/tyrosine phosphatases, few cytoplasmic MAPK-targeted phosphatases have been recognized. The neuron-specific tyrosine phosphatases PTP-SL and STEP bind to ERK through a 14-residue KIM, consisting of the consensus motif LQERRGSN VXLXLD (29) . These two tyrosine phosphatases extinguish ERK enzymatic activity and are themselves phosphorylated by ERK. HePTP contains the sequence LQERRGSNVALMLD (residues 16 to 30), which is consistent with its ability to associate with ERK (44). These observations suggest that HePTP, PTP-SL, and STEP have similar tissue-specific functions as cytoplasmic regulators of ERK-dependent signaling cascades.
Hematopoietic cells are exposed to a spectrum of antigenic or cytokine stimuli which may potentially induce all three families of MAPKs. ERK stimulation, induced by both growth factors and mitogenic cytokines, often propels cells into divi- Although HePTP is among the first examples of an inducible tyrosine phosphatase that acts as a mammalian MAPK inhibitor, several have been identified in S. cerevisiae, suggesting phylogenetic conservation of tyrosine phosphatase-induced control of MAPK activation. The Schizosaccharomyces pombe MAPK StyI, like mammalian MAPKs, becomes activated through dual phosphorylation, initiating mitotic fission. StyI is regulated by the MAPK kinase Wis1, which is sensitive to changes in external osmolarity. Under conditions of hyperosmolality, Wis1 induces the transcription of pyp2, a tyrosine phosphatase functionally redundant to pyp1, which specifically targets StyI, resulting in its inactivation (21) . Similarly, in budding yeast, the tyrosine phosphatases PTP2 and PTP3 specifically target the Hog1 MAPK, thereby inactivating the response to osmotic stress. Similar to pyp2 in fission yeast, PTP2 and PTP3 are induced by osmotic stress, suggesting that they function in a negative feedback loop (41) . We have shown that HePTP is induced by mitotic stimuli such as PMA and concanavalin A in murine lymphocytes (44) . The regulation of mitotic signaling by HePTP is in this way similar to the regulation of the yeast hyperosmolar response by PTP2 and PTP3, suggesting conservation of a general signaling mechanism.
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